Introduction
Methyl bromide (CH 3 Br) and methyl chloride (CH 3 Cl), two naturally-occurring trace gases in the atmosphere, are estimated to contribute up to 25% of present-day ozone destruction by halogens in the stratosphere (WMO, 2007) . The relative importance of these two gases will increase as implementation of the Montreal Protocol takes effect, making them an important factor in the chemistry of future climates. However, the global budgets of CH 3 Cl and CH 3 Br remain quite uncertain, with a significant shortfall in estimated sources for both gases (Butler, 2000; WMO, 2007) .
Observations during airborne and shipborne (Yokouchi et al., 2000) campaigns, together with modelling studies (Lee-Taylor et al., 1998; Yoshida et al., 2006) , suggest that there are unaccounted for tropical terrestrial sources of these methyl halides. The Dipterocarpaceae (dipterocarps) have recently been identified as one plant family with species that emit significant amounts of CH 3 Cl (Yokouchi et al., 2002; Saito et al., 2008) . These are pantropical arboreal plants making up a substantial part of the rainforest in South East Asia as well as growing in both the African and South American tropical regions (Ashton and Appanah, 2004) . Another possible methyl halide source of global importance is leaf litter (Lee-Taylor and Holland, 2000; Drewer et al., 2008) , but this has not been evaluated by in situ measurements in the tropics. Laboratory studies have also demonstrated senescent plant material as a temperature-dependent source of methyl halides (Hamilton et al., 2003; Wishkerman et al., 2008) .
There are almost no data for CH 3 Cl fluxes, and none for CH 3 (Table 1) . Thirteen of the species investigated were from the Dipterocarpaceae family, but Crateva religiosa (Capparaceae), Etlingera brevilabrum and Etlingera elatior (Zingiberaceae), Syzygium campanulatum (Myrtaceae) and Eusideroxylon zwageri (Lauraceae) were also included. The height of sampled branches ranged between 1.5 and 2.5 m above the ground. Measurements were undertaken during both day and night.
Branches were enclosed in transparent chambers of either 26 L (polycarbonate) or 66 L (polyethylene terephthalate) volume, equipped with forced air circulation. Seedlings were enclosed in a 66 L chamber. During the 20 min enclosure period, internal and external air temperature, photosynthetically-active radiation (PAR) and total solar radiation were recorded with data loggers. In this work, time of day and solar flux were not directly correlated since the trees were standing in a valley, subject to shading by hillside or other trees according to the angle of the sun. At the end of the enclosure time a 550 mL air sample was extracted and stored in a 1 L Tedlar bag. Contemporaneous samples of ambient air were collected and stored similarly. At the end of each sampling period, the total number of leaves on the enclosed branch was counted and a subset of the foliage removed and its dry weight determined by oven drying at 70°C until constant weight. (Worton et al., 2008) . A 500 mL aliquot of each sample was pre-concentrated onto a mixed Carbograph 1 TD/Carboxen 1000 trap cooled to -10°C with a two-stage Peltier cell. The trap was then heated to 250°C to transfer the analytes in high purity helium carrier gas In Edinburgh, 100 mL aliquots of each sample were analysed using an HP5890 GC-ECD with a custom-built two-stage cryogenic pre-concentration unit (Hardacre et al., 2009) Table 1 ).
Results and Discussion
A summary of all the flux measurements from individual tropical species is presented in (range, <LOD -76) and 0.4 (<LOD -2.9) ng h -1 g -1 (dry weight foliage), respectively. Although the linear correlation was not strong, if plants were emitters of one methyl halide they were emitters of the other (Figure 1a , R = 0.42, P < 0.004).
Methyl halide fluxes from five Dipterocarpaceae species -Dipterocarpus applanatus, Dryobalanops lanceolata, Hopea nervosa, Shorea agamii and Shorea pilosa -were measured at intervals during the day and once during the night (Figure 2 ). There was evidence of a pattern for largest emissions during mid to late afternoon and continuing, but declining, emissions during the night, particularly for the two strongest emitters, Shorea agamii and Shorea pilosa. In some instances there was no apparent significant diurnal cycle. For these 5 species, there were no significant correlations between methyl halide fluxes and the measured environmental parameters of PAR, total solar radiation, air temperature and internal chamber temperature (although the datasets are comparatively small). Instead, the factor influencing emissions is species.
The data presented here are the first reported measurements of methyl halide emissions from There is certainly insufficient evidence at present to implicate a link, if any, between CH 3 X flux and halogen content for dipterocarp species in particular, although the general observation of higher halogen content in plant material from the tropics is consistent with the greater importance to CH 3 X emissions generally ascribed to tropical rather than to temperate forests.
However, it is known that many vascular plants contain a halogenating methyl transferase enzyme, and that CH 3 X emission represents only a small proportion of the halogen content (Manley, 2002) , so it seems likely that variation in expression of this enzyme in particular species and individuals will drive variation in CH 3 X flux at least as much as intrinsic variation of tissue halogen concentration.
Any attempt at scaling up these plant-scale measurements to tropical rainforests globally is Multiplying by an area of 10.4 × 10 12 m 2 for tropical evergreen rainforest globally (Guenther et al., 1995) yields global annual emissions of 1.5 Tg CH 3 Cl and 30 Gg CH 3 Br. These are probably overestimates since dipterocarp species were deliberately targeted in this work. According to Davies et al. (2003) , cited in Saito et al. (2008) , dipterocarps comprise ~30% basal area coverage in Malaysian rainforest. Applying a weighting of average emissions from dipterocarp and non-dipterocarp species separately yields estimated basal area CH 3 Cl and CH 3 Br fluxes of ~12 and ~0.2 µg m -2 h -1 , or annual global emissions of 1.1 Tg and 18 Gg, respectively. These latter values correspond to 25% and 9% of current estimated total global annual fluxes of ~4.4
Tg and ~200 Gg for CH 3 Cl and CH 3 Br, respectively, summarised by WMO (2007).
For leaf litter measurements there was generally good agreement in fluxes between the triplicate samples of leaf litter from each sampling location but large differences (up to 4 orders of magnitude for CH 3 Cl and 3 orders of magnitude for CH 3 Br) between the different locations (Table 2 ). This could be due to different moisture regimes and microbiological activity of the leaf litter at each plot. Samples at each location were collected on different days and variation in antecedent rainfall caused substantial variation of water in the litter layer on the forest floor. The lack of significant correlation observed here between CH 3 Cl and CH 3 Br fluxes and water content in bulk field samples of leaf litter (R 2 = 0.18 and 0.19, respectively) contrasts with laboratory work on senescent leaves in which fluxes of CH 3 Cl and CH 3 Br were negatively correlated with water content (Hamilton et al., 2003; Wishkerman et al., 2008) . A likely explanation for this discrepancy is the different nature of the leaf material used. Hamilton et al.
and Wishkerman et al. used intact leaf material that was collected either before the onset or in a very early stage of decay in which the activity of fungi and bacteria was probably negligible.
The leaf litter used in this work included substantial decomposing material and leaf-rotting microorganisms are known producers of CH 3 Cl and CH 3 Br (Harper, 1985; Moore et al., 2005) .
Thus production could be the result of abiotic or micro-biotic activity or both. (Saito et al., 2008) and the 1.5 ± 0.6 Tg y -1 estimated from airborne measurements in South America . The significance of tropical rainforest to CH 3 Br budgets globally is less clear. The mass ratio of average CH 3 Br and average CH 3 Cl emissions from the plant species investigated here was ~0.02 which is somewhat smaller than the 0.05 mass ratio in the currently-estimated global annual fluxes of the two gases (WMO, 2007) . This, and the much lower leaf litter CH 3 Br fluxes, imply tropical forests make less contribution to global CH 3 Br emissions, a few % compared with a few 10s% contribution for CH 3 Cl. However it is important to remember that raw data remain very sparse and global scale up highly simplistic. Uncertainty of emissions at the plant scale is dominated by the very large variation between species, rather than by external environmental parameters, which considerably hampers establishing quantitative connection between branch scale and above-canopy regional-scale measurements. Nevertheless it is clear that the extensive change in tropical rainforest area instigated by humankind (Sterling and Ducharne, 2008) will continue to alter global fluxes of these gases. The sd values combine sampling and analytical uncertainties plus triplicate variation. ), Dipterocarpus applanatus ( ) and Dryobalanops lanceolata ( ). Whiskers incorporate both analytical and sampling uncertainties. Shaded areas mark hours between sunset and sunrise.
